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The magnetic structure of the double perovskite compound Sr2CuTeO6 was determined from
neutron powder diffraction data. This material is magnetically described as an S=1/2 quasi-
two-dimensional square-lattice Heisenberg model with antiferromagnetic nearest-neighbor and next-
nearest-neighbor interactions. Sr2CuTeO6 undergoes a magnetic phase transition at TN≃ 29 K.
The spin structure below TN is Ne´el antiferromagnetic on the square lattice, which means that
the nearest-neighbor interaction (J1) is stronger than the next-nearest-neighbor interaction (J2), in
contrast to other isostructural compounds such as Ba2CuWO6 and Sr2CuWO6, for which |J1|< |J2|
is realized.
PACS numbers: 75.10.Jm, 75.25.-j, 75.47.Lx, 75.50.Ee
I. INTRODUCTION
One of the most interesting topics in condensed matter
physics is the appearance of quantum disordered ground
states in low-dimensional frustrated spin systems. An
S=1/2 square-lattice Heisenberg antiferromagnet (SL-
HAF) with the nearest-neighbor (NN) interaction J1 and
next-nearest-neighbor (NNN) interaction J2 is a typical
frustrated quantum magnet. This system, referred to as
the S=1/2 J1−J2 SLHAF model, has been theoreti-
cally predicted to exhibit a quantum disordered ground
state in the range of αc1<J2/J1<αc2 with αc1≃ 0.4 and
αc2≃ 0.6 [1–11]. For J2/J1<αc1 and αc2<J2/J1, the
ground states are known to be Ne´el antiferromagnetic
and collinear antiferromagnetic, respectively. On the ex-
perimental side, several materials such as Li2VOXO4
(X =Si, Ge) [12–14] and A′A′′VO(PO4)2, where A
′ and
A′′ are Ba and Cd or both Pb, respectively [15, 16], have
been investigated from the viewpoint of whether they are
S=1/2 J1− J2 SLHAFs. However, the values of J2/J1
for these materials are out of the critical range.
The B-site ordered double perovskite cuprates
A2CuMO6, where A=Sr or Ba and M =Mo, Te, or
W, are also considered to be S=1/2 J1−J2 SLHAFs
[17]. All these compounds crystallize in the tetragonal
structure with space group I4/m, in which CuO6 and
MO6 octahedra are arranged alternately, sharing their
corners, as shown in Fig. 1(a). Because these CuO6 oc-
tahedra are elongated along the c-axis owing to the Jahn-
Teller effect, the hole orbitals dx2−y2 of Cu
2+ ions with
spin-1/2 are spread in the c-plane, resulting in strong
intraplane and relatively weak interplane exchange in-
teractions. In the c-plane, magnetic Cu2+ ions form a
uniform square lattice with the NN and NNN exchange
interactions via MO6 octahedra centered by hexavalent
M6+ ions (Fig. 1(b)). The low-dimensionality of the
system can be inferred from the magnetic susceptibility,
which shows a broad maximum at approximately 70 –
200K [17–19].
Although such double perovskites are magnetically
quasi-two-dimensional (2D) systems, 3D ordering often
takes place at low temperatures owing to weak interac-
tions between layers. There are several types of antifer-
romagnetic long-range order on the square lattice for the
ordered double perovskite [20], depending on the rela-
tive strength of interactions (J2/J1). For J2/J1< 1, the
ordering on the square lattice is Ne´el antiferromagnetic
(NAF), while collinear antiferromagnetic (CAF) order-
ing takes place for J2/J1> 1. The spin ordering along
the c-direction depends on the interlayer exchange inter-
actions.
For Ba2CuWO6 and Sr2CuWO6, the magnetic struc-
ture has been determined by neutron powder diffraction
measurements [21, 22]. The observed magnetic structure
of Ba2CuWO6 is described by the propagation vector
k=(1/2, 1/2, 1/2) on the face-centered lattice [21]. This
indicates the CAF order on the square lattice. Recently,
Vasala et al. performed neutron powder diffraction ex-
periments on Sr2CuWO6 and found a magnetic Bragg
peak at k=(0, 1/2, 1/2) on the tetragonal body-centered
lattice, indicative of the CAF order [22]. Therefore, the
spin arrangement on the square lattice is the same as
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FIG. 1: (Color online) (a) Schematic crystal structure of
Sr2CuTeO6 in the c-plane. (b) Exchange interactions J1 and
J2 in the c-plane.
2that of Ba2CuWO6. These results revealed that J2 is
dominant over J1 in both compounds. For Sr2CuMoO6,
although the magnetic structure has not yet been deter-
mined, Vasala et al. predicted that J2 is stronger than
J1 from ab initio calculations combined with X-ray ab-
sorption experiments [23]. The transition temperatures
of Ba2CuWO6, Sr2CuWO6, and Sr2CuMoO6 have been
determined from µSR experiments to be TN=28, 24, and
28K, respectively [21, 23].
In this paper, we report the results of neutron pow-
der diffraction measurements on Sr2CuTeO6. It was
found that Sr2CuTeO6 exhibits the NAF order, in con-
trast to other double perovskite cuprates A2CuMO6 with
M =Mo and W. Additionally, the transition tempera-
ture was determined to be TN=29K. We discuss the
mechanism leading to different spin structures between
Sr2CuTeO6 and the other A2CuMO6 systems with em-
phasis on the electronic state of the filled outermost or-
bital of the nonmagnetic hexavalent ion M6+.
II. EXPERIMENTAL DETAILS
A powder sample of Sr2CuTeO6 was synthesized from
a stoichiometric mixture of SrO, CuO, and TeO2 by a
solid-state reaction. The mixed powder was ground well
with an agate mortar and fired at 900 ◦C in air for 24 h.
The powder was then reground, pelletized, and calcined
twice at 1100 ◦C in air for 24 h.
The neutron powder diffraction experiments were per-
formed using the high-resolution powder diffractometer
Echidna installed at the OPAL reactor, ANSTO. The
data were collected at 1.5 K and from 10 to 40 K at
intervals of 5 K with a neutron wavelength of 2.4395 A˚.
The sample was placed in a cylindrical vanadium can
with an aluminum cap. To evaluate the transition tem-
perature more accurately, we measured the temperature
dependence of the magnetic peak using the triple-axis
spectrometer Taipan. In the diffraction mode of Taipan,
a neutron beam with a high flux is available, which is
useful for detecting weak magnetic Bragg peaks. Inci-
dent neutrons with a wavelength of λ=2.345 A˚ were se-
lected using pyrolytic graphite (PG) 002 monochromator,
without any additional collimation, i.e. the “open - open -
open - open” configuration with the 10mm wide neutron
beam was employed. To eliminate higher order neutrons,
PG filters were placed before and after the sample posi-
tion. The powder diffraction data were analyzed by the
Rietveld method using Fullprof software. The magnetic
form factor of the Cu2+ ion was taken from the litera-
ture [24].
III. RESULTS
Figure 2 shows the neutron powder diffraction pattern
for Sr2CuTeO6 collected at 40K (>TN=29K) and the
result of Rietveld analysis. The analysis was based on
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FIG. 2: (Color online) Neutron powder diffraction pattern
of Sr2CuTeO6 measured at 40K (red crosses) and the result
of Rietveld fitting (black line). The blue curve shows the
difference between them.
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FIG. 3: (Color online) Neutron powder diffraction spectra
collected at various temperatures, where the diffraction spec-
trum at 40K was subtracted as the background. Two mag-
netic peaks assigned to Q=(1/2, 1/2, 0) and (1/2, 1/2, 1) are
observed at 2θ≃ 18◦ and 25◦, respectively.
the structural model with space group I4/m determined
at room temperature by Iwanaga et al. [17]. We used
this model as an initial model because we confirmed that
there is no structural transition below room tempera-
ture by magnetic susceptibility and specific heat mea-
surements [25]. To achieve a better fit to the experimen-
3TABLE I: Refined structural and magnetic parameters for Sr2CuTeO6 with space group I4/m based on neutron powder
diffraction data.
T (K) 1.5 10 15 20 25 30 35 40
a (A˚) 5.4184(1) 5.4185(1) 5.4184(2) 5.4185(1) 5.4185(1) 5.4185(2) 5.4186(2) 5.4186(1)
c (A˚) 8.4521(2) 8.4522(2) 8.4521(2) 8.4522(2) 8.4522(2) 8.4522(2) 8.4524(2) 8.4524(2)
V (A˚3) 248.15(1) 248.16(1) 248.15(1) 248.16(1) 248.16(1) 248.16(2) 248.17(3) 248.17(2)
Sr(0, 0.5, 0.25)
B (A˚2) 0.07(6) 0.09(6) 0.07(6) 0.08(6) 0.07(5) 0.08(6) 0.09(6) 0.09(6)
Cu(0, 0, 0)
B (A˚2) 0.05(7) 0.07(8) 0.04(8) 0.06(7) 0.05(7) 0.06(8) 0.03(8) 0.06(8)
Te(0, 0, 0.5)
B (A˚2) 0.03(10) 0.04(10) 0.05(10) 0.05(10) 0.03(10) 0.04(10) 0.07(10) 0.03(10)
O(1)(x, y, 0)
x 0.3026(4) 0.3027(5) 0.3028(5) 0.3027(4) 0.3028(4) 0.3027(5) 0.3028(5) 0.3028(5)
y 0.2073(4) 0.2073(4) 0.2073(4) 0.2073(4) 0.2074(4) 0.2073(4) 0.2075(4) 0.2073(4)
B (A˚2) 0.14(5) 0.16(5) 0.15(5) 0.16(5) 0.15(4) 0.16(5) 0.15(5) 0.16(5)
O(2)(0, 0, z)
z 0.2750(2) 0.2750(2) 0.2751(2) 0.2751(2) 0.2750(2) 0.2751(2) 0.2750(2) 0.2750(2)
B (A˚2) 0.24(7) 0.26(7) 0.24(7) 0.25(7) 0.25(7) 0.25(7) 0.27(7) 0.26(7)
m (µB) 0.687(60) 0.628(65) 0.588(69) 0.496(80) 0.349(116) − − −
Rp (%) 7.84 8.05 8.08 8.01 7.92 8.06 8.02 8.02
Rwp (%) 11.7 11.9 12.0 11.8 11.5 11.9 11.8 11.7
tal data, the small half-lambda contribution (∼ 0.1%)
and the contaminating aluminum reflections from the
cryostat walls are taken into account. The structural and
magnetic parameters refined at various temperatures are
summarized in Table I. All the structural parameters are
almost independent of the temperature below 40K.
At low temperatures, two additional peaks, indicative
of 3D magnetic long-range order in Sr2CuTeO6, clearly
appear in the neutron diffraction patterns at 2θ≃ 18◦
and 25◦. Figure 3 shows neutron powder diffraction
spectra measured at various temperatures focusing on
these two peaks, where the diffraction spectrum at 40K
has been subtracted so that only magnetic Bragg peaks
are visible. These two magnetic peaks can be assigned
to Q=(1/2, 1/2, 0) and (1/2, 1/2, 1) diffraction peaks on
the tetragonal unit cell, respectively. Therefore, the mag-
netic ordering in Sr2CuTeO6 is NAF on the square lattice
characterized by the propagation vector k=(1/2, 1/2, 0).
To determine the magnetic structure, we analyzed the
magnetic diffraction pattern at 1.5K, where the nuclear
diffraction pattern at 40K was subtracted. There are
two possible spin configurations depending on whether
all the spins are directed along the a-axis (structure I)
or the c-axis (structure II) as shown in Fig. 4(a). The
b-axis is equivalent to the a-axis owing to the symmetry
of the crystal structure and the magnetic propagation
vector. We fitted the calculated diffraction patterns for
structures I and II to the experimental magnetic diffrac-
tion pattern using the structural parameters and scale
 I
n
te
n
si
ty
 [
ar
b
. 
u
n
it
s]
5040302010
Structure I
Structure II
Structure I Structure II
(a)
(b) T = 1.5 KSr2CuTeO6
a
b
c
FIG. 4: (Color online) (a) Possible magnetic structures I and
II for Sr2CuTeO6. (b) Magnetic diffraction pattern measured
at 1.5K, where the nuclear diffraction pattern at 40K was
subtracted, and the fits with structures I and II, for which
χ2=1.11 and 1.83, respectively.
4factor determined by Rietveld analysis at 40K. The fit-
ting range is limited to vicinities of the expected mag-
netic Bragg peaks below 2θ=50◦ to eliminate the effects
from large errors of nuclear peaks and background. As
shown in Fig. 4(b), structure I reproduces the experi-
mental diffraction pattern better than structure II. The
values of χ2 are 1.11 and 1.83 for structures I and II, re-
spectively. From this result, we conclude that structure
I is realized in the ordered state of Sr2CuTeO6.
As shown in Fig. 3, the magnetic peaks vanish between
20 and 30K. To determine the transition temperature, we
also collected diffraction data of Sr2CuTeO6 using the
triple-axis spectrometer Taipan in the diffraction mode.
Figure 5 shows the temperature evolution of the mag-
netic Bragg peak for Q=(1/2, 1/2, 0). The background
is rather high and is sloped because of the tail of the
direct beam. The peak height decreases continuously as
the temperature increases and becomes undetectable at
T ≥ 30K. The diffraction data at 36K was assumed as
the background. The inset of Fig. 5 shows the magnetic
peak intensities obtained by subtracting the data at 36K.
The magnetic peak intensity was evaluated by Gaussian
fitting, where only height was a free parameter and oth-
ers were fixed to the results of the fitting for the data at
3K. Figure 6 shows the temperature dependence of the
normalized square root of the magnetic peak intensity
√
I
for Q=(1/2, 1/2, 0) diffraction. Actually, it was difficult
to fit the data at T ≥ 30K correctly because the peak is
smaller than large errors, so that
√
I was defined to be
zero. The transition temperature was thus evaluated to
be TN≃ 29K [26].
The magnitude of the ordered moment m in
Sr2CuTeO6 below TN was evaluated from the powder Ri-
etveld analysis using Fullprof software on the basis of spin
structure I. Results are shown in Table I together with
the crystal structure parameters. The magnitude of the
ordered moment at 1.5K was obtained asm=0.69(6)µB,
which is larger than m=0.2 and 0.57µB reported for
Ba2CuWO6 [21] and Sr2CuWO6 [22], respectively. The
temperature dependence of the ordered moment m is
plotted in Fig. 6. Above 20K, the normalized square
root of the magnetic peak intensity
√
I obtained from
the triple-axis data is considerably smaller than the or-
dered moment m.
IV. DISCUSSION
In this work, we found that the magnetic structure
in the ordered state of Sr2CuTeO6 is NAF, in contrast
to the CAF order in other double perovskite cuprates
A2CuMO6 with M =Mo and W, where |J2|> |J1| [21,
22]. This indicates that the condition J1>J2 is realized
in Sr2CuTeO6. This difference can be understood by
considering the superexchange interactions via the hex-
avalent M6+ ion, as shown below.
We discuss the superexchange interactions in accor-
dance with Kanamori theory [27]. In the A2CuMO6-type
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FIG. 5: (Color online) Neutron powder diffraction profiles for
Q=(1/2, 1/2, 0) magnetic Bragg peak for Sr2CuTeO6 mea-
sured at various temperatures using the triple-axis spectrom-
eter Taipan. The inset shows the magnetic peak intensities
obtained by subtracting the data at 36K as the background.
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FIG. 6: (Color online) Temperature dependence of the nor-
malized square root of the magnetic peak intensity
√
I for
Q=(1/2, 1/2, 0) diffraction in Sr2CuTeO6. The blue squares
show the ordered moment m obtained from Rietveld analysis
(right axis). The solid line is a visual guide.
double perovskite compounds, one of the dominant paths
of the NN superexchange interaction J1 is Cu
2+−O2−−
O2−−Cu2+, which is common to A2CuMO6 compounds.
The superexchange interaction via this path should be
antiferromagnetic. The other dominant path is consid-
ered to be Cu2+−O2−−M6+−O2−−Cu2+ because for
M =W, the dominant NNN interaction J2 acting be-
tween spins located on the diagonal lattice points of the
square lattice is mediated by the intermediate WO6 octa-
51
2
3
1
2
3
(a)
(b)
FIG. 7: (Color online) Orbital configurations related to su-
perexchange interactions in A2CuMO6 via Cu
2+−O2−−M6+
−O2−−Cu2+ (a) for M =Te and (b) for M =W.
hedron, which shares a corner with the CuO6 octahedron.
The sign of the superexchange interaction in principle de-
pends on the filled outermost orbital of the nonmagnetic
hexavalent M6+ ion, which is the 4d orbital for M =Te
and the 4p or 5p orbital for M =Mo and W.
Figure 7 illustrates the orbital configurations related
to superexchange interactions for M =Te and M =W.
We consider the superexchange interaction between hole
spins on the dx2−y2 orbitals of Cu
2+ ions via dx2−y2 for
M =Te and via px and py forM =W. For simplification,
we assume that Cu2+−O2−−M6+ is a straight line, al-
though it is actually a zigzag line, as shown in Fig. 1(a).
The superexchange interaction J1 between Cu
2+(1) and
Cu2+(2) for M =Te is based on the following process.
1) The px and py orbitals of O
2− ions overlap strongly
with the dx2−y2 orbital of Te
6+, so that these or-
bitals together form a molecular orbital.
2) Hole 1 on Cu2+(1) and hole 2 on Cu2+(2) are trans-
ferred to the same molecular orbital. In this case,
the two hole spins must be antiparallel owing to the
Pauli principle.
3) The two holes are transferred back to the dx2−y2
orbitals of the two Cu2+ ions.
This process results in an antiferromagnetic superex-
change interaction between Cu2+(1) and Cu2+(2). Be-
cause the same argument is also applicable to the su-
perexchange interaction between Cu2+(1) and Cu2+(3),
the NNN exchange interaction J2 becomes antiferromag-
netic. As shown in Fig. 7, there are two Cu2+−O2−−
Te6+−O2−−Cu2+ paths for J1, whereas for J2, there is
a single exchange path. The contributions of the paths
to the superexchange interaction should be almost the
same. Thus, for the superexchange interaction mediated
by the TeO6 octahedron, we can expect J1≃ 2J2.
For the superexchange path Cu2+−O2−−O2−−Cu2+,
the px and py orbitals of the two O
2− ions form a molecu-
lar orbital, although their overlap is small. In the molec-
ular orbital, two hole spins transferred from Cu2+ ions
must be antiparallel owing to the Pauli principle. This
makes an antiferromagnetic contribution to the J1 inter-
action. Therefore, the relation between J1 and J2 will
satisfy J1> 2J2, which is consistent with the NAF state
observed in Sr2CuTeO6.
For M =W and Mo, the superexchange interaction J1
between Cu2+(1) and Cu2+(2) is based on the following
process.
1) The px and py orbitals of O
2− ions overlap strongly
with the px and py orbitals of W
6+ (or Mo6+), so
that these orbitals form two different molecular or-
bitals, which are orthogonal to each other.
2) Hole 1 on Cu2+(1) and hole 2 on Cu2+(2) are trans-
ferred to different molecular orbitals. In this case,
the two hole spins must be parallel owing to the
Hund rule for the hole spins on the px and py or-
bitals of W6+.
3) The two holes are transferred back to the dx2−y2
orbitals of the two Cu2+ ions.
This process results in a ferromagnetic superexchange in-
teraction between Cu2+(1) and Cu2+(2).
For the NNN exchange interaction J2 for M =W and
Mo, hole 1 on Cu2+(1) and hole 3 on Cu2+(3) are
transferred to the same molecular orbital. In this case,
the two hole spins must be antiparallel owing to the
Pauli principle. Thus, the J2 interaction becomes an-
tiferromagnetic. For the J1 interaction, the antiferro-
magnetic contribution from the path Cu2+−O2−−O2−−
Cu2+ and the ferromagnetic contribution from the path
Cu2+−O2−−W6+−O2−−Cu2+ mostly cancel out, as
expected in Ba3CoNb2O9 [28]. This leads to the con-
dition |J2|≫ |J1|, which stabilizes the CAF state as ob-
served for M = W [21, 22]. From these arguments, we
can deduce that the difference in the filled outermost or-
bitals of nonmagnetic hexavalent M6+ ions gives rise to
the different magnetic orderings in the A2CuMO6-type
double perovskite compounds.
6V. CONCLUSION
The magnetic structure of Sr2CuTeO6 was deter-
mined from neutron powder diffraction measurements.
The structure is of the Ne´el antiferromagnetic type
on the square lattice with the propagation vector
k=(1/2, 1/2, 0). From Rietveld analysis, the ordered
moment lies in the c-plane and its magnitude was evalu-
ated to be 0.69µB at 1.5K. The transition temperature
was also determined to be TN≃ 29K, which is compa-
rable to those observed in other A2CuMO6-type dou-
ble perovskite compounds. The condition J1>J2 for
the magnitudes of the NN and NNN exchange interac-
tions for Sr2CuTeO6 is in sharp contrast to the condition
|J2|> |J1| for other isostructural compounds including
Ba2CuWO6 and Sr2CuWO6. The origin of the differ-
ence can be attributed to whether the filled outermost
orbital of the nonmagnetic hexavalent ion is a p or d or-
bital. This work can pave the way for creating doping
series Sr2CuTe1−xWxO6 that can access the quantum
disordered region of αc1<J2/J1<αc2.
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